Abstract. Aurora A plays an essential role in centrosome maturation, separation and in the formation of the mitotic bipolar spindle. Overexpression or amplication of Aurora A gene has been detected in many cancer cell lines and various tumor tissues, including breast cancer, suggesting that Aurora A might be drug target for breast cancer treatment. In the current study, short hairpin RNA targeting Aurora A was cloned into pGenesil-2 plasmid vector and then transfected into MDA-MB-435S and ZR-75-30 human breast cancer cells using cationic liposome. Reduced expression of Aurora A was detected by RT-PCR and Western blot. The effect of pGenesil-2-shAURKA plasmid on tumor growth in MDA-MB-435S xenogenic implantation model was studied. pGenesil-2-shAURKA plasmid inhibited tumor growth significantly by systemantic administration. To further study the underlying mechanisms, cell apoptosis and proliferation were investigated by flow cytometric analysis, propidium iodide staining, TUNEL and Ki-67 immunostaining respectively. Increased apoptosis and reduced cell proliferation were detected in vitro and in vivo studies. In summary, our results suggested that specific knockdown of Aurora A expression by vector based shRNA may be a potential therapy for human breast cancer.
Introduction
Breast cancer is the most commonly diagnosed cancer in women worldwide. More than 1.15 million women were diagnosed with breast cancer in 2002 (1) . Registry data showed that breast cancer incidence has been increasing since 1973, especially in low and middle-income countries.
In China, urban registries showed 20-30% increase in the past decade (2) . Current breast cancer incidence and mortality rates (~180,510 and 40,940 cases in 2007 in the United States, respectively) (3) highlight the need to explore alternative therapeutic strategies.
The process of cell division is instrumental to the development and progression of tumors, and targeting cell division has been proved as a successful antitumor therapy. A number of trials has addressed the benefit of adding a taxane (paclitaxel or docetaxel) to an anthracycline-based adjuvant chemotherapy regimen in breast cancer (4, 5) , suggesting that the molecules involved in cell cycle and division may be targets for cancer treatment.
Aurora A is an oncogenic serine/threonine kinase that plays an essential role in centrosome maturation, separation and in the formation of the mitotic bipolar spindle in various organisms (6) (7) (8) (9) (10) . It has been reported that its ectopic expression in immortalized NIH/3T3 cells is sufficient to provoke their transformation, defining Aurora A as an oncogene (11) . Overexpression or amplication of Aurora A gene has been detected in many cancer cell lines and various tumor tissues, including breast cancer (reviewed in ref. 12 ). Nadler et al reported that Aurora A expression defines a population of patients with decreased survival, whereas Aurora B expression does not, suggesting that Aurora A might be the preferred drug target in breast cancer (13) .
RNA interference is a specific way of gene silencing and a plethora of in vitro and in vivo proof-of-concept exist. It has been shown that practically many human diseases with a gain-of-function genetic lesion can become a target for therapeutic RNAi, including cancer, viral infections, neurodegenerative diseases and ocular disorders (14) (15) (16) . Short hairpin RNAs (shRNAs) with a stem-loop 'hairpin' structure driven by polymerase III promoters have been investigated as an alternative strategy to suppress gene expression more stably, and such constructs with well-defined initiation and termination sites have been used to produce various small dsRNA species that inhibit the expression of genes with diverse functions in mammalian cell lines (17) . In the current study, we recombined an shRNA targeting Aurora A into a plasmid vector and studied the effects on expression of Aurora A and tumor growth in vitro and in vivo.
Plasmid constructions. pGenesil-2 vectors harboring caccgATGCCCTGTCTTACTGTCAttcaagagaTGACAGTA AGACAGGGCATtttttg (18) or caccgCGTACGCGGAA TACTTCGAttcaagagaTCGAAGTATTCCGCGTACGtttttg at its BpiI/BamHI sites were prepared for expressing short hairpin RNAs (shRNAs), specific for interfering with expressions of Aurora A (pGenesil-2-shAURKA) or as irrespective sequence control (pGenesil-2-shHK), respectively. The capital charaters refer to the specific sequece for Aurora A or for control, and the italic characters refer to the loop structure of shRNA. All the constructed plasmids were confirmed by DNA sequencing. Colonies of Escherichia coli containing pGenesil-2-shAURKA or pGenesil-2-shHK were cultured in LB broth containing 50 μg/ml of kanamycin. Large-scale plasmid DNA was purified using an EndoFree Plasmid Giga kit (Qiagen, Hilden, Germany). The DNA was eventually dissolved in sterile endotoxin-free water and stored at -20˚C before use.
Liposome preparation. A cationic liposome for plasmid transfection and treatment in animal experiments was used (DOTAP/cholesterol). The cationic liposome was prepared using the procedure described previously (19) . Briefly, a lipid film was prepared by rotary evaporation at 30˚C for 30 min from a mixture of DOTAP and cholesterol (Avanti Polar Lipids, Alabaster, AL, USA) at 1:1 molar ratio in chloroform. The film was rehydrated in 5% dextrose, vortexed for 30 min at 60˚C. Then, the mixture was left overnight and sonicated at low frequency for 5 min at 50˚C. After sonication, it was transferred to a tube and heated at 50˚C for 10 min. Then it was extruded through a 100 nm polycarbonate filter by using an Avanti Polar Lipids MiniExtruder. The final cationic liposome (DOTAP/cholesterol) was a small multi-lamellar liposome in a size range of 100±20 nm. It was stored under argon gas at 4˚C.
Transfection. Twenty-four hours before transfection, cells were trypsinized and seeded in 6-well culture plates at 1x10 5 cells per well. DNA (pGenesil-2-shAURKA or pGenesil-2-shHK)/ liposome complexes were prepared in DMEM medium, which contained 2 μg DNA and 5 μg liposome, and left at room temperature for 30 min. In addition, 5 μg liposome or medium alone were also used as control. The cells were incubated with the above agents for 4 h, rinsed three times with PBS and then 1.5 ml of DMEM supplemented with 10% FBS was added to each well, with a continued incubation for an additional 48 h for further studies.
RNA extraction and RT-PCR.
Total RNA from cells or tumor tissues were extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) as recommended by the manufacturer. Reverse transcription-polymerase chain reaction (RT-PCR) was used for the analysis of Aurora A, Aurora B mRNA with ß-actin as an internal control. RNA (1 μg) was reverse transcribed using SuperScript II reverse transcriptase (Invitrogen) and oligo(dt) primer. Primers for Aurora A, Aurora B and ß-actin are shown in Table I . PCR was performed by initial denaturation at 94˚C for 2 min followed by 30 cycles of 30 sec at 94˚C, 30 sec at 58˚C and 60 sec at 72˚C. All PCR products were separated by electrophoresis in 1% agarose gels and visualized using ethidium bromide. Experiments were performed in triplicate.
Western blot. Cells were lysed on ice for 30 min with RIPA Lysis Buffer (containing 50 mM Tris-HCl, pH 7.4; 1% NP-40; 0.25% Na-deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM PMSF; 1 μg/ml aprotinin, leupeptin, pepstatin each; 1 mM Na 3 VO 4 ; 1 mM NaF). For tissue samples, a frozen piece of tissue was powdered and lysed in RIPA lysis buffer. The proteins (10 μg) were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electronically transferred onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA). After blocking, the membranes were incubated with recommended dilution primary antibodies against Aurora A, Aurora B or ß-actin (Abcam, Cambridge, MA, USA), followed by incubation with peroxidase-conjugated secondary antibodies (Abcam). Peroxidase-labeled bands were visualized using an ECL kit (Pierce, Rockford, IL, USA). The ratio of Aurora A (or Aurora B)/ß-actin was calculated by using densitometry, and values were normalized by dividing by the ratio at no treatment.
Flow cytometric analysis. Flow cytometric analysis (FCM)
was carried out to identify sub-G1 cells. Cells were harvested with trypsin-EDTA, washed with PBS, and pelleted and Table I . Primer sequences for Aurora A and B, and ß-actin. 
suspended in PI/RNase/PBS (100 μg/ml propidium iodide and 10 μg/ml RNase A). Analysis of DNA content was done on a FACSCalibur system (BD Immunocytometry Systems, San Jose, CA, USA).
Nuclear staining and fluorescent microscopy. Morphological evaluation of the nuclei of untreated and treated cells was determined by nuclear staining with propidium iodide (PI). Briefly, treated and untreated cells in 6-well culture plates were washed twice with PBS and fixed in 4% formaldehyde in PBS for 20 min at room temperature, rinsed 3 times with PBS and permeabilized with methanol at -20˚C for 10 min. Fixed cells were stained with 20 μg/ml PI, and subsequently examined using a Zeiss Axiovert 400 microscope and Axio Cam MRm camera (Carl Zeiss, München-Hallbergmoos, Germany).
Animal studies. All animal procedures were approved by the Institutional Animal Care and Treatment Committee of Sichuan University. MDA-MB-435S mouse tumor model was established by injecting 2x10 6 MDA-MB-435S cells subcu-taneouly into the flanks of 6-8 weeks old female athymic nude mice on day 0. When tumors were palpable 10 days later, mice (N=5) were injected intravenously through the tail vein with 100 μl of liposomal complexes containing 5 μg of the pGenesil-2-shAURKA or pGenesil-2-HK plasmid and 15 μg liposome or 100 μl 5% glucose as control 3 times a week (on Monday, Wednesday, Friday) for 4 weeks. Tumors were measured twice a week with vernier calipers. Tumor volume was calculated according to the following formula: volume = 0.52 x (width) 2 x length. Animals were sacrificed 3 days after the last treatment, and tumors were excised and weighed. Part of the tumor tissue was immediately frozen and the rest was fixed in 10% neutral-buffered formalin and embedded in paraffin. To monitor drug toxicity, body weight were measured and a pathologist examined the mouse organs, including heart, liver, spleen, lungs and kidneys.
Histologic studies. Breast tumor, heart, liver, spleen, lungs and kidneys were removed, fixed in neutral-buffered formalin and embedded in paraffin. Sections (3 μm thick) were cut and stained with H&E for histologic evaluation.
Immunohistochemistry. The rabbit anti-Aurora A or Ki-67 antibodies and dilutions were used for immunohistochemistry. After deparaffinization, antigen retrieval was performed by heating slides in autoclave in 10 mM sodium citrate buffer at pH 6.0 for 5 min after pressure gainning, and sections were incubated with the rabbit Aurora A or Ki-67 antibodies at 4˚C overnight. As the second step, biotinylated goat antirabbit IgG was applied and detected by using of the SABC Elite kit (Boster, Wuhan, China) with diaminobenzidine as substrate. For the quantitative comparison, Ki-67-labeling index was calculated as the percentage of neoplastic cells with positive nuclear staining in the total number of neoplastic cells.
In situ terminal deoxynucleotidyl transferase mediated dUTP nick end-labeling assay. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining was performed with an in situ apoptotic cell detection kit according to the manufacturer's directions (Promega, Madison, WI, USA). Briefly, tumor sections were treated with a 20 μg/ml proteinase K solution and incubated with rTdT incubation buffer. Then the images of the representative sections were taken by using the microscope and Axio Cam MRm camera. Five equal-sized fields were randomly chosen and analyzed. Density was evaluated in each field to calculate the density of apoptotic cells (apoptosis index).
Statistical analysis. All data are presented as means ± SD. Data were analyzed by one-way ANOVA and Tukey's test. Differences between means as appropriate were considered significant when yielding P<0.05. Experiments were performed at least in duplicate. 
Results

Specific knockdown of Aurora
Knockdown of Aurora A induces cell apoptosis in vitro.
The quantitative assessment of sub-G1 cells by FCM was used to estimate the number of apoptotic cells. As shown in Fig. 2A , an increase in the sub-G1 phase population was observed after pGenesil-2-shAURKA treatment in MDA-MB-435S and ZR-75-30 cell lines by flow cytometric analysis (P=0.002 and P=0.006, respectively). To further assess apoptosis by morphological changes, nuclear staining with PI was performed. As shown in Fig. 2B , the morphological changes of cells at 48 h post-transfection monitored by fluorescence microscopy were characteristic of apoptosis (rounded or floating). These results indicated that the shRNA-mediated knockdown of Aurora A led the breast cancer cells to apoptosis.
Knockdown of Aurora A inhibited the growth of MDA-MB-435S cells in vivo.
We further examined whether pGenesil-2-shAURKA could inhibit the growth of MDA-MB-435S cells in vivo. As shown in Fig. 3A , from day 24 after tumor implantation, the tumor volume in pGenesil-2-shAURKAtreated mice started to show significant differences from those in controls (P<0.05). To evaluate the tumor growth more accurately, animals were sacrificed on day 42 after tumor implantation, and tumors were excised and weighed. Tumors of mice treated with glucose and pGenesil-2-HK plasmid reached 1.632±0.731 g and 1.138±0.819 g in weight, respectively. However, tumors in mice treated with pGenesil-2-shAURKA were significantly smaller (Fig. 3B, P<0 .001), reaching only 0.028±0.013 g in weight. Histopathological analysis of control mice showed a typical hypercellular solid carcinoma invading the dermis and subcutaneum. In contrast, treated mice showed a marked reduction in tumor volume, partial encapsulation by fibrous connective tissue, and no significant invasion into surrounding skin tissue (Fig. 3C) .
We further examined the expression of Aurora A and B in tumor tissues. Similar to the results in vitro, systematic administration of pGenesil-2-shAURKA plasmid reduced the expression of Aurora A by 72% (P<0.001) and had little effect on Aurora B expression (Fig. 4) .
In addition, the mice treated with pGenesil-2-shAURKA had been investigated for potential side-effects. No significant adverse consequences were observed in gross measures, including weight loss, ruffling of fur, life span, behavior and feeding. Furthermore, no pathological changes in heart, liver, spleen, lungs, or kidneys were found by microscopic examination (data not shown).
Knockdown of Aurora A induces cell apoptosis in vivo.
TUNEL assays were carried out to detect apoptosis in tumor tissues. As shown in Fig 5A, within a similar field of view, more apoptotic cells were observed in tumor tissues from the mice treated with pGenesil-2-shAURKA plasmid than glucose and pGenesil-2-HK treatment groups. For quantitative comparison, the apoptosis index in each group was calculated. The apoptosis index was significantly higher in pGenesil-2-shAURKA treatment group than glucose and pGenesil-2-HK treatment groups with values of 6.86±1.32% vs. 2.82±0.42% and 1.67±0.72%, respectively (P<0.001).
Knockdown of Aurora A reduced cell proliferation in vivo.
Ki-67 staining was performed to detect cell proliferation. As shown in Fig. 5B , within a similar field of view, fewer proliferation cells (with brown staining) in tumor tissues were observed in the mice treated by pGenesil-2-shAURKA plasmid than glucose and pGenesil-2-HK treatment groups. The Ki-67-labeling index was significantly smaller in pGenesil-2-shAURKA treated group than glucose and pGenesil-2-HK treatment groups with values of 21.94±2.41% vs. 39.59± 5.06% and 34.76±2.46%, respectively (P=0.002).
Discussion
In the current study, we used the vector-based shRNA against Aurora A expression drived by U6 promoter to study the effect on human breast cancer cells both in vitro and in vivo. Our results showed that pGenesil-2-shAURKA plasmid could specifically knockdown the expression of Aurora A in vitro and in vivo, and inhibit tumor growth by systematic administration in animal experiments. Aurora A protein is also known as serine threonine kinase 15 (STK15), BTAK, Aurora kinase A, Aurora-2 or AIKI. This gene is a member of the Aurora kinase family made up of Aurora A, B and C, and is conserved throughout eukaryotic evolution. Aurora A regulates the correct development of the various phases of mitosis, including centrosome maturation and separation, mitotic entry, bipolar spindle assembly, chromosome alignment on the metaphase plate and cytokinesis (20) . By the G2 phase of the cell cycle through anaphase, it can be detected in the pericentriolar material. Additionally, it spreads to mitotic spindle poles and midzone microtubules during metaphase (21) . Hirota et al reported that following activation by the LIM protein ajuba in G2, initial activation of Aurora A in late G2 phase of the cell cycle is essential for recruitment of the cyclin B1-Cdk1 complex to centrosomes, it becomes activated and commits cells to mitosis (22) . Aurora A interacts with TPX2, and it plays a role in the spindle assembly process (23) . Katayama et al demonstrated that Aurora A played key roles at two steps in kinetochore/ chromatin-associated microtubule formation process. These include formation of ·-tubulin foci in the vicinity of the kinetochore/chromatin for microtubule nucleation and stabilization of the microtubules through feedback regulatory interactions with INCENP and TPX2 proteins (24) . In previous studies, the overexpression of Aurora A or amplication of chromosome 20q13 amplification, where human Aurora A is located at, has been detected in primary breast tumor samples and breast cancer cell lines (12) . Moreover, in an MMTV-Aurora-A transgenic mouse model, enhanced branch morphogenesis in the mammary gland and more developed mammary tumors were detected at 20 months of age, which established Aurora A as an oncogene (25) . Nadler et al reported that Aurora A expression defined a population of patients with decreased survival, suggesting that Aurora A might be the preferred drug target in breast cancer (13) . Lee et al reported that treatment of MCF-7 breast cancer cells with 17ß-estradiol (E2) in short-term resulted in the upregulation of Aurora A levels, and downregulation of Aurora A by RNA interference led to a significant decrease in estrogen-induced, anchoragedependent and independent growth of MCF-7 cells. Moreover, the knockdown of Aurora A could overcome estrogen-induced decrease in docetaxel sensitivity of MCF-7 cells. Above studies provide a clue that inhibiting the activity or knocking down the expression of Aurora A may be a new way to treat breast cancer (26) . In the current study, we recombined an shRNA targeted on Aurora A into a plasmid vector, and used this construct as a specific inhibitor against Aurora A.
Aurora kinase inhibitors have shown anticancer effects both in vitro and in vivo, including ZM447439, Hesperadin 8 and VX-680, which have already undergone preclinical or phase I/II clinical trials. However, because most of the small molecules with Aurora A inhibitor function identified so far have been shown good specificity for the ATP-binding site, it may well be that the anticancer action of some chemotherapy agents do not reflect the blocking activity on Aurora A but on other family members (mainly Aurora B) or protein kinase. For instance, ZM447439 inhibits Aurora A and B, and VX-680 inhibits all three (27) . Currently, several research groups, including our laboratory, have been involved in the development of specific Aurora A inhibitors (28,29; Jones et al, Proc ASCO 25: abs. 3577, 2007) . In the present study, we utilized vector-based shRNA technique and constructed the recombinant plasmid expressing AURKA-shRNA to knock down the expression of Aurora A in vitro and in vivo. Based on the results of RT-PCR and Western blot, we confirmed that the specific AURKA-shRNA designed and used in this study successfully reduced the expression of Aurora A, and had little effect on the expression of Aurora B, indicating that vector-based shRNA may be used as an effective specific inhibitor of Aurora A.
The utilization of siRNA to knock down expression of a specific gene has become a method of choice for cell culture or in vitro studies. However, it is limited primarily by the cost of synthetic oligonucleotides and the need for repeated chemical synthesis. Increasing effort has been made to develop methods to deliver an expression cassette to produce the RNAi intermediate (17, 30, 31) , including shRNA (32) . Moreover, unintended effects on gene expression mediated by RNAi termed 'off-target effects' are issues to take into consideration. Compared with chemically synthesized siRNA, shRNA is less likely to induce specific and non-specific offtarget effects, because shRNA is spliced by endogenous mechanisms (36) . Besides, recent works suggested that, among vector-based RNAi systems, the shRNA system is more effective than the tandem system or siRNA is (33) (34) (35) . Our results showed that, by systematic administration, pGenesil-2-shAURKA inhibited tumor growth in MDA-MB-435S xenogenic implantation model obviously after specific knocking down of Aurora A expression. In current study, we did not find any side-effect in animals. In addition, pGenesil-2 vector used in this study contains the kanamycin resistance gene for selection in E. coli, thus ampicillin which may cause an allergic response in some individuals can be avoided. Our results suggested that pGenesil-2-shAURKA plasmid may be a potential therapy for human breast cancer.
Moreover, to further investigate the underlying mechanisms, we evaluated the effect of pGenesil-2-shAURKA on cell apoptosis and proliferation. In pacreatic cancer, colorectal cancer, non-small cell lung cancer and multiple myeloma cell lines, specific suppression of expression of Aurora A lead to G2-M arrest and apoptosis, and can enhance chemosensitivity and radiation response (18, 37, 38) . It is reported that Aurora A activates Akt-induced cell survival and chemoresistance in a p53-dependent manner in ovarian cancer cells (39) . Wang et al reported that overexpression of Aurora A kinase promotes tumor cell proliferation and inhibits apoptosis in esophageal squamous cell carcinoma cell line (40) . Besides, associations of overexpression of Aurora A and cell proliferation were detected in glioblastoma patients (41) . In our study, by FCM, PI staining, TUNEL and Ki-67 immunostaining, increased apoptosis and reduced cell proliferation were detected after pGenesil-2-shAURKA treatment. Our results suggested increased apoptosis and reduced proliferation may be the mechanism of antitumor effect of pGenesil-2-shAURKA.
In summary, the current study suggested that vector based AURKA-shRNA may be a potential therapy for human breast cancer. Although the biodistribution and tumor accumulation of plasmid/liposome complex were investigated intensively (42, 43) , the detailed biodistribution of systematic administration of pGenesil-2-shAURKA/liposome complex needs to be further investigated. Moreover, based on research on the relationship between Aurora A and radiation and chemotherapy of cancer cells (18, 25, 26) , the effect of AURKA-shRNA combined with radiation or chemotherapy might be a future direction.
